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Synechocystis sp. PCC 6803Ycf34 is a hypothetical chloroplast open reading frame that is present in the chloroplast genomes of several non-
green algae. Ycf34 homologues are also encoded in all sequenced genomes of cyanobacteria. To evaluate the role
of Ycf34 we have constructed and analysed a cyanobacterial mutant strain. Inactivation of ycf34 in Synechocystis
sp. PCC 6803 showed no obvious phenotype under normal light intensity growth conditions. However, when the
cells were grown under low light intensity they contained less and smaller phycobilisome antennae and showed
a strongly retarded growth, suggesting an essential role of the Ycf34 polypeptide under light limiting conditions.
Northern blot analysis revealed a very weak expression of the phycocyanin operon in the ycf34 mutant under
light limiting growth in contrast to thewild type and to normal light conditions. Oxygen evolution and P700mea-
surements showed impaired electron ﬂow between photosystem II and photosystem I under these conditions
which suggest that the impaired antenna size is most likely due to a highly reduced plastoquinone pool which
triggers regulation on a transcriptional level. Using a FLAG-tagged Ycf34 we found that this protein is tightly
bound to the thylakoid membranes. UV–vis and Mössbauer spectroscopy of the recombinant Ycf34 protein
demonstrate the presence of an iron–sulphur cluster. Since Ycf34 lacks homology to known iron–sulphur
cluster containing proteins, it might constitute a new type of iron–sulphur protein implicated in redox signalling
or in optimising the photosynthetic electron transport chain.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Cyanobacteria are the ancestors of chloroplasts due to an endosymbi-
otic event that occurred two billion years ago [1]. For nearly all
proteins that are encoded by chloroplast genome orthologues
exist in cyanobacteria. Amongst them are several highly conserved
putative genes with still an unknown function. Although they are often
annotated as ycf (hypothetical chloroplast open reading frame) most
ycf gene products that have been analysed are functional and their cellu-
lar role is inmany cases related to photosynthetic processes and pigmentloroplast open reading frame;
in; ORF, open reading frame;
altoside; PS I, photosystem I;
aramagnetic resonance
und Molekularbiologie, Justus-
392 Giessen. Tel.: +49 641 99
en.de (A. Wilde).
l rights reserved.synthesis. An overview of the known functions of ycfs is provided in [2].
On the other hand many plant genes of cyanobacterial origin have been
transferred to the nucleus during evolution. Based on a bioinformatic
analysis more than 3600 open reading frames from Arabidopsis thaliana
appear to originate from the ancestral cyanobacterial-like endosymbiont
[3]. In another study nuclear-encoded chloroplast proteins of endosym-
biotic origin (CPRENDOs) were identiﬁed by a combination of bioinfor-
matics and experimental analyses [4]. Some of these genes are retained
in the chloroplast genome of at least a few algae. Interestingly, inac-
tivation of 40 of these CPRENDOs genes using the cyanobacterium
Synechocystis sp. PCC 6803 (hereafter Synechocystis 6803) yielded
22 mutants exhibiting a phenotype related to photosynthesis, thus,
indicating important functions of these hypothetical open reading
frames in photosynthetic organisms [4].
Besides ycf genes that are present virtually in all chloroplasts there are
examples of ycf genes that have been retained only in the chloroplast
genomes of red algae but are present in nearly all cyanobacteria like
ycf18 (nblA), that is involved in phycobilisome degradation [5,6]. Further,
more conserved ycfs constitute subunits of the cytochrome b6f complex
(ycf6/petN) [7] or of photosystem (PS) II (ycf8 and ycf12 [8,9]). Others
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[10,11]) or with a role in the biogenesis of c-type cytochromes (ycf5 and
ycf44 [12–14]) that are essential elements of the electron transport chain.
Ycf34 is a hypothetical open reading frame conserved in all
cyanobacterial lineages. Interestingly, the ycf34 gene is speciﬁcally distrib-
uted in the chloroplast genomes of Cyanophora paradoxa, red algae and
several brownalgaeharbouring red algal derivedplastids. No orthologues
of this gene are found in the nuclear genomes of higher plants or green
algae. In the present study we analyse the function of Ycf34 in
cyanobacteria using a Synechocystis 6803 ycf34 (ssr1425, [15]) knock-
out strain and the recombinantly expressed gene product.2. Material and methods
2.1. Bacterial strains and growth conditions
The motile strain of Synechocystis 6803 used in this study was origi-
nally obtained from S. Shestakov (Moscow State University, Russia) and
propagated on BG11 agar plates (0.75% (w/v)) [16]. Liquid cultures of
Synechocystis 6803 wild type (WT) and mutant strains were grown at
30 °C under continuous illumination with white light (Philips TLD
Super 80/840) of 3.5 or 50 μmol photons m−2 s−1 in BG11medium con-
taining 10 mM TES buffer (pH 8.0). For themutants described below, the
media were supplemented with antibiotics at the following concentra-
tions: chloramphenicol, 7 μg ml−1; kanamycin, 80 μg ml−1.
Escherichia coli strains DH5α and GM2163 were used for cloning
procedures. E. coli cultures were grown in LB media, supplemented
with antibiotics at standard concentrations.2.2. Mutagenesis
For insertionmutagenesis, the ycf34ORF (locus ssr1425, [15])was am-
pliﬁed as a 3950 bp fragment including the adjacent genes pcnB/sll0825
(polyA polymerase) and ndhF1/slr0844 (NADH dehydrogenase subunit
5) using the primers P1 and P2 (Table S1) and ligated into the pGEM-T
vector (Promega, Germany). The kanamycin resistance cassette excised
with PvuII from the pUC4K vector was inserted into a BsaBI restriction
site within the ycf34 gene sequence. The resulting construct was used
for the transformation of Synechocystis 6803 WT cells as described by
Ermakova et al. [17]. Transformantswere restreaked eight timeswith in-
creasing concentrations of kanamycin and analysed by Southern blot
hybridization and PCR using primers P9 and P10 to validate the level
of segregation of mutant genome copies.
The complementation of the ycf34 gene disruption mutant was
initially approached by ampliﬁcation of the entire ycf34 ORF using
primers P3 and P4 and ligation into the pJET1.2 vector (Fermentas,
Germany). The resulting 266 bp fragment was excised with NdeI
and BglII and subsequently ligated into the pSK9 vector (S. Zinchenko,
Moscow State University, Russia), digested with NdeI and BglII, re-
spectively. Oligonucleotides encoding the 3x-FLAG epitope with arti-
ﬁcial 5′-TA overhangs (P11 and P12) were hybridized and ligated
into the vector pSK9-Ycf34, linearised with NdeI. Oligonucleotides
containing the sequence of the oop transcription terminator from
phage lambda and additional 5′-GATC overhangs (primer pair P7
and P8) were ligated into the vector pSK9-FLAG-Ycf34, digested
with BglII. The resulting construct was used for the transformation
of ycf34::aph mutant cells. Transformants were restreaked four times
with increasing concentrations of chloramphenicol. Transformants
were analysed by PCR (P13 and P14) to validate the level of segrega-
tion of the FLAG-ycf34 gene copy. The probe used in the Southern blot
analysis was ampliﬁed by PCR using primers P9 and P10. The resulting
251 bp fragment containing the sequence of ycf34 was labelled with
digoxigenin-dUTP using a DIG high prime DNA labelling kit (Roche
Applied Science, Germany).2.3. RNA isolation and Northern blot hybridization
Exponentially growing Synechocystis 6803 liquid cultures
(OD750 nm=0.4–0.6, UV-2401 PC, Shimadzu, Japan) were collected by
quenching on ice and immediate centrifugation at 4 °C. Cell pellets
were resuspended in 1 ml PGTX reagent [18] per 20 ml aliquot and
total RNA was isolated according to the author's instructions with fol-
lowing modiﬁcations: After the ﬁrst extraction the aqueous phase was
additionally mixed with one volume of 1-bromo-3-chloropropane and
the two phases were separated again. The RNA in the retrieved aqueous
phase was precipitated overnight at −20 °C. The puriﬁed RNA was
quantiﬁed using a NanoDrop ND-1000 spectrophotometer (PEQLAB Bio-
technology, Germany), separated by electrophoresis on 1.3% agarose/
formaldehyde gels andblottedontoRoti-Nylonplus (Carl Roth, Germany)
membranes [19]. Hybridization probes were generated either by random
prime labelling (Rediprime II labelling kit, GE Healthcare, Germany) of
PCR products (ndhF3: P24 and P25; 16S rRNA: P26 and 27, Table S1)
with [α-32P]-dCTP (Hartmann Analytic, Germany) or by in vitro tran-
scription of PCR fragments from the T7 promoter (cpcBAC2C1D: P20 and
P21; glnA: P22 and P23, Table S1) in the presence of [α-32P]-UTP
(Hartmann Analytic) using the T7 polymerase Maxiscript kit (Ambion,
USA). Following prehybridization at 55 °C (for DNA probes) or 68 °C
(using riboprobes) for at least 30 min in 50% deionised formamide, 7%
SDS, 250 mMNaCl and 120 mM sodium phosphate (pH 7.2), the labelled
probes were added and hybridized for 3–16 h. The membranes were
rinsed in 2× SSC/0.5% SDS and washed twice for 15 min at 68 °C in 2×
SSC/0.5% SDS and 0.1× SSC/0.1% SDS, respectively. Signals were detected
and analysed on a Personal Molecular Imager FX system using the Quan-
tity One software (Bio-Rad, USA). All DNA oligonucleotides are listed in
Table S1.2.4. Mapping of the transcription initiation start site
The 5′-RACE was carried out as described previously [20,21],
with following modiﬁcations: 5′-triphosphates were converted to
5′-monophosphates by treatment of 2 μg total RNA (obtained
from WT cells grown to an OD750 of 0.6) with 10 U of tobacco acid
pyrophosphatase (TAP, Epicentre Technologies, USA) at 37 °C for
60 min. Control RNA was incubated in the absence of TAP. Reac-
tions were stopped by phenol/chloroform extraction, followed by
ethanol/sodium acetate precipitation. Pellets were dissolved in
water, mixed with 40 pmol of 5′-RNA adapter (P15), and ligated
at 37 °C for 1 h with 4 U T4-RNA ligase (Epicentre Technologies).
Phenol/chloroform-extracted, ethanol-precipitated RNA was then
reverse-transcribed using 2 pmol gene speciﬁc primer (P16) and the
SuperScriptIII RT system (Invitrogen, Germany) in a total volume of
20 μl. Reverse transcription was performed at 55 °C for 1 h. The RT en-
zyme was inactivated at 70 °C for 10 min, followed by RNase H (Fer-
mentas, 5 U)-treatment at 37 °C for 20 min. 2 μl of this cDNA served
as template in a standard PCR using Phusion polymerase (Finnzymes,
Finland), and 10 pmol each of a gene speciﬁc primer (P16) and a linker
speciﬁc primer (P17). Products were separated on 2% agarose gels,
bands of interest excised, gel eluted (QiaQuick gel extraction, Qiagen,
Germany) and ampliﬁed in a second PCR using nested primers (P18
and P19) to increase the DNA yield for subsequent cloning.2.5. Determination of the pigment and protein content
Chlorophyll contents of thylakoid membranes were measured in 80%
acetone according to MacKinney [22]. Phycocyanin and allophycocyanin
contents were determined in the soluble protein fraction of cell extracts
[23]. The total protein concentration fromwhole cell extractswas assayed
by a modiﬁed Lowry method [24] and used for normalization of the
pigment content.
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Cultures of WT and mutant cells grown under low intensity light
conditions (3.5 μmol photons m−2 s−1) were harvested in the expo-
nential growth phase by centrifugation at 3000×g for 10 min at ambi-
ent temperature. The pellet was resuspended in 0.75 M potassium
phosphate (pH 7.0). The cells were disrupted in a bead beater
(Reetsch, Germany) using a mixture of glass beads (0.1–0.11 mm
and 0.25–0.5 mm size). Unbroken cells, thylakoid membranes and
glass beads were removed twice by centrifugation at 13,800×g for
10 min. Remaining chlorophyll proteins and membrane particles
were extracted with Triton X-100 (2% (v/v) ﬁnal concentration) and
centrifugation at 13,800×g for 15 min. The phase containing the
phycobilisomes was loaded onto a stepwise sucrose gradient (1.5 M,
1 M, 0.75 M and 0.5 M sucrose (w/v) in 0.75 M potassium phosphate
buffer). Ultracentrifugation was performed in a SW41Ti rotor at
104,000×g for 16 h at 18 °C (Sorvall Discovery 90). Fractions obtained
from the sucrose gradient were investigated by Tris-Tricine-SDS-PAGE
[25].
2.7. Preparation of membrane fractions
Thylakoid membranes were prepared as previously described [26]
and diluted in thylakoid buffer (50 mM HEPES/NaOH, 5 mM MgCl2,
25 mM CaCl2, 10% glycerol (v/v), pH 7.0) to a protein concentration
of 10 mg ml−1. Membrane bound protein complexes were solubilised
with n-dodecyl-β-maltoside (β-DM) at a detergent-to-protein ratio
of 2:1 in the dark at 4 °C for 60 min. Non-solubilised material was re-
moved by centrifugation at 30,000×g for 30 min. The supernatant
was loaded onto a stepwise sucrose density gradient (10–30% (w/v)
sucrose) in thylakoid buffer without glycerol but containing 0.04%
(w/v) β-DM. Ultracentrifugation was performed in a SW41Ti rotor for
16 h at 140,000×g and 4 °C (Sorvall Discovery 90). Fractions obtained
from the sucrose gradient were investigated by Tris-Tricine-SDS-PAGE
and immunoblot analysis.
2.8. Immunoblot analysis
Proteins were separated by SDS-PAGE [25,27], transferred onto ni-
trocellulose membranes and immunolabelled with speciﬁc antibodies.
Signals were visualized using the Immobilion Western membrane
chemiluminescence system (Millipore, Bedford, USA) or by chromo-
genic detection (alkaline phosphatase with 5-bromo-4-chloro-3′-
indolylphosphate p-toluidine salt and nitro-blue tetrazolium chloride).
2.9. Low temperature (77 K) ﬂuorescence spectroscopy
Low temperature (77 K) ﬂuorescence emission spectra of whole
cells were recorded with an Aminco spectroﬂuorimeter (Spectronic
Unicam, UK) using the same amount of cells (OD730 nm=0.2) with
2 μM rhodamine as an internal standard. Fluorescence emission spec-
tra were collected using either excitation wavelength of 435 nm to
excite chlorophyll or excitation wavelength of 590 nm to excite phy-
cocyanin using a 620 nm cut-off ﬁlter placed in the emission beam to
exclude excitation light. The spectra were normalised to rhodamine
peak (573 nm), when exciting chlorophyll or the PSI emission (725 nm)
when exciting phycocyanin.
2.10. Measurement of oxygen evolution
Chlorophyll concentrations of Synechocystis 6803 WT and ycf34
mutant cells grown under the indicated light conditions were adjusted
to 5 μg ml−1. Oxygen evolution rates were measured at 30 °C using a
ﬁbre optic oxygen sensor (PreSens, Regensburg, Germany). Illumination
was supplied from a saturating white light source (KL 2500, Schott,
Mainz, Germany) ﬁltered by a red glass ﬁlter. Growth medium wassupplemented with 5 mM NaHCO3 or 500 μM phenyl-p-benzoquinone
(PpBQ) to determine the activities of the whole linear electron transport
chain and PS II, respectively.
2.11. P700 oxidation–reduction kinetics and light response curves of PS I
P700 oxidation and re-reduction kinetics were recorded with a
Dual-PAM-100 measuring system, and averages of three individual
traces were taken. Complete P700 oxidation was achieved by a 30 ms
saturation pulse (I=10,000 μmol photons m−2 s−1). Quantum yield
of photochemical energy conversion at PS I [Y(I)] and quantum
yield of non‐photochemical energy dissipation due to donor side lim-
itation [Y(ND)] [28] were calculated by Dual-PAM software according
to [29]. Steady state (P), maximal (Pm, Pm′) and zero (Po) P700 levels
were determined at deﬁned light intensities during rapid light curves
with 30 s adaptation periods at stepwise-increased (logarithmic incre-
ment) actinic light intensities from 0 to 850 μmol photons m−2 s−1.
Note that Y(I)=b/(a+b+c); Y(ND)=a/(a+b+c) where a, b and c
represent the fractions of donor-side limited closed PS I centres (P700+
A), openPS I centres (P700 A), and acceptor-side limited closed PS I centres
(P700 A−), respectively [29].
2.12. Expression and puriﬁcation of recombinant Ycf34 protein
The ycf34 gene sequence was ampliﬁed from genomic Synechocystis
6803 DNA using primers P5 and P6 and ligated into the pJET1.2 vector.
The resulting 301 bp fragment was excised with BamHI and NotI and
subsequently ligated into the expression vector pGEX-6P-1 (GE
Healthcare) yielding pGEX-6P-ycf34, thereby expressing the original
Ycf34 as an N-terminal GST-fusion protein. For site directed mutagene-
sis of the Synechocystis 6803 Ycf34 protein, synthetic gene constructs
were purchased (MWG Euroﬁns Operon, Germany) in which one of
the cysteine residues at positions 2, 4, 7, 13 and 61 was substituted by
a serine residue. Each single construct was treated as aforementioned
yielding pGEX-6P-ycf34-C2S, pGEX-6P-ycf34-C4S, pGEX-6P-ycf34-C7S,
pGEX-6P-ycf34-C13S and pGEX-6P-ycf34-C61S, respectively. E. coli
strain BL21 (DE3) was transformed either with pGEX-6P-ycf34 or
pGEX-6P-ycf34-CxS. For sufﬁcient expression of GST-Ycf34, trans-
formants were grown in 2 l of Terriﬁc broth medium containing ampi-
cillin (100 μg ml−1) and ferric ammonium citrate (0.1 mgml−1) to
OD578 nm of 0.6–0.8 at 37 °C. After a temperature shift to 17 °C, the
protein production was induced by the addition of 100 μM isopropyl-
β-D-thiogalactopyranoside and cells were cultured for 14 h with shak-
ing at 140 rpm. The cells were harvested by centrifugation and were
stored at−20 °C. Protein puriﬁcation was performed at 4 °C or on ice
according to the manufacturer's protocol with the following modiﬁca-
tions: Frozen cells were thawed, suspended in the lysis buffer (25 mM
TES-KOH, 100 mM KCl, 1 mM dithiothreitol, pH 7.5) and disrupted by
passage through the Constant cell disruption system (Constant systems
Ltd., UK) at 30,000 lb in.−2. The membrane fraction was removed by
centrifugation at 43,000×g for 1 h. Subsequently, the supernatant
was loaded onto a glutathione-sepharose column (Macherey-Nagel,
Germany), washed and eluted according to the manufacturer's in-
structions. Protein-containing fractions were cleaved with 2 units of
PreScission™ protease mg−1 of protein in the recommended cleavage
buffer. The proteolytic cleavage of the GST-tag using PreScission prote-
ase results in ﬁve additional N-terminal amino acids (Gly-Pro-Leu-Gly-
Ser) with removal of the original methionine. A second glutathione-
sepharose column was used to separate the GST-tag from the protein
solution. Fractions containing the original or mutated Ycf34 were con-
centrated, loaded onto a HiLoad™ 26/60 Superdex™ 75 prep grade col-
umn (GE Healthcare), equilibrated with 25 mM TES-KOH, 100 mMKCl,
1 mMdithiothreitol (pH 7.5) and elutedwith the same buffer. Fractions
containing the original ormutated Ycf34weremonitored by SDS-PAGE.
Puriﬁed protein was concentrated up to 16 mgml−1 using Vivaspin
(Sartorius Stedim Biotech, France) and stored at −80 °C, with the air
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determined using the calculated molar extinction coefﬁcient (ε280 nm)
[30].
2.13. Analytical methods
UV–vis absorption spectra were monitored using an Agilent Technol-
ogies 8453 spectrophotometer. Ycf34 was dissolved in 25 mM TES-KOH
buffer (pH 7.5) containing 100 mM KCl and 1 mM dithiothreitol. Spectra
were recorded at room temperature. Protein-bound iron and labile sul-
phide were determined after acid denaturation according to the proce-
dure described by Fish and Beinert, respectively [31,32].
2.14. Mössbauer spectroscopy of recombinant Ycf34 protein
E. coli cells producing Ycf34 for Mössbauer spectroscopy were grown
in Spizizenminimalmedium [33] supplementedwith 1.33 mgml−1 57Fe.
Puriﬁcation of Ycf34 was performed as described in Section 2.12 with the
exception that all steps of puriﬁcation starting with the lysis of cells were
performed under anaerobic conditions in an anaerobic hood. Mössbauer
spectra were recorded on an alternating constant acceleration spectrom-
eter. The minimum experimental line width was 0.24 mm s−1 (full-
width at half maximum). The sample temperature was maintained con-
stant either in an Oxford Variox or an Oxford Mössbauer-Spectromag
cryostat. The latter is a split-pair conducting magnet system for applying
ﬁelds of up to 8 T to the samples that can be kept at temperatures in the
range of 1.5–250 K. The ﬁeld at the sample is perpendicular to the γ
beam. All isomer shifts are quoted relative to metallic iron at 300 K.
3. Results
3.1. Genes encoding homologues of the plastid Ycf34 are present in all
cyanobacteria
All fully sequenced cyanobacterial genomes possess homologues
of the ycf34 gene. In addition, several red algae as well as secondarily
evolved organisms with a red algal derived endosymbiont contain a
ycf34 gene. The translated amino acid sequences are highly conserved
with 35%–80% identities to the corresponding Synechocystis 6803
sequence (Fig. 1).
The ycf34 gene product of Synechocystis 6803 consists of 82 amino
acid residues, has a calculated molecular mass of 9.5 kDa and exhibits
no amino acid sequence similarity to conserved domains of other
known protein families. Comparative analysis of the amino acid se-
quences (for a representative selection of sequences see Fig. 1) re-
vealed a noticeable conservation of the overall length of the Ycf34Fig. 1. Sequence alignment of six Ycf34 polypeptides. The amino acid sequences of Ycf3
Synechocystis 6803, Thermosynechococcus elongatus BP-1, Prochlorococcus marinus MED4 a
2.0.12). Amino acid residues conserved in all six sequences are dark shaded. Residues with
cysteine residues are marked with asterisks.protein with sequence lengths of 80 to 85 amino acid residues in 63
out of 80 positive BLAST hits (UniProtKB, blosum80 matrix, threshold
1); all of these are cyanobacterial Ycf34 homologues. The overall
length of the remaining sequences with similarity to Synechocystis
6803 Ycf34 spread over a wide range of values: between 41 and 148
amino acids, representing mostly red algal, brown algal and diatom
gene products. Structure predictions [34] of Synechocystis 6803
Ycf34 suggest an alpha helix in the N-terminal region of Ycf34 be-
tween positions 9 and 22 and two ß-strands (positions 41–46 and
52–60). The most striking feature of the Ycf34 protein is the presence
of ﬁve highly conserved cysteine residues (Fig. 1) indicating the pres-
ence of a bound metal ion.3.2. Inactivation of the ycf34 gene in Synechocystis 6803 and phenotyping
the mutant strain
The ycf34 gene is transcribed as a monocistronic mRNA. The tran-
scription initiation start was determined by 5′-RACE and is located
within a polyA stretch 26 nucleotides upstream of the start codon
(not shown). The following gene ndhF1 has its own promoter. This
is in accordance with the analysis of the Synechocystis 6803 trans-
criptome by Mitschke et al. [35].
To test the function of the ycf34 gene product in Synechocystis
6803 we constructed an insertion mutant ycf34::aph (Fig. 2A) and
conﬁrmed the complete segregation of mutant alleles in the ycf34::
aph strain by Southern blot analysis (Fig. 2B). In addition, a comple-
mented strain ycf34−/FLAG-ycf34 was generated by insertion of the
ycf34 gene fused to a 3× FLAG tag sequence into the ycf34::aphmutant
chromosome between slr1597 (chromosome partitioning ATPase) and
sll1514 (16.6 kDa small heat shock protein) under control of the petJ/
sll1796 promoter (cytochrome c553) (Fig. S1A).
The ycf34::aph mutant grew similar to the WT with compa-
rable growth rates under standard growth conditions (50 μmol
photons m−2 s−1) with no apparent changes in the accumulation of
photosynthetic pigments (Table 1, Fig. 3A). However, under low inten-
sity light (3.5 μmol photons m−2 s−1) the mutant strain grew about
twice slower than the WT (Table 1). The doubling times of WT and
ycf34::aph cells were 76±12 h and 157±42 h, respectively. Under
these conditions whole cell absorption spectra of the ycf34::aph mutant
strain showed a strongly reduced phycobilisome content (Fig. 3B);
whereas the complemented strain exhibited spectra similar to the WT,
albeit it did not exactly reach the high phycocyanin content that is typical
for low-light acclimated WT cells (Fig. S1B). Quantiﬁcation of the photo-
synthetic pigments revealed that the spectral changes observed in the
mutant under low intensity light were mainly due to reduced levels of
phycocyanin and to less extent allophycocyanin (Table 1). Thus, the4 from the cyanobacteria Anabaena sp. PCC 7120, Nostoc punctiforme ATCC 29133,
nd from the red algae Porphyra yezoensis have been aligned using ClustalX2 (version
lower conservation are middle or light shaded, respectively. The ﬁve highly conserved
AB
Fig. 2. Schematic representation of the inactivation of the ycf34 gene. A, The Synechocystis
6803 ycf34 (ssr1425) gene is located between the genes pcnB (sll0825) and ndhF1 (slr0844)
encoding polyA polymerase and subunit ﬁve of the NADH dehydrogenase complex, respec-
tively. B, Southern blot analysis of WT and ycf34::aph genomic DNA. Genomic DNA isolated
fromWTandmutant cellswas digestedwithHpaI, separated in a 1% (w/v) agarose gel, trans-
ferred onto a positively charged nylon membrane and hybridized with a probe against the
entire ycf34gene sequence, indicatedby the black bar inA. Thenumbers refer to independent
transformants.
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the mutant strain under these conditions. In the complemented
strain the phycocyanin concentration was almost completely re-
stored (95.7%±6.3% of the corresponding WT value under low light).
To further investigate the observed phenotype of the ycf34::aph
mutant, we isolated phycobiliprotein complexes from WT and
ycf34 mutant cells grown under low intensities of light (3.5 μmol
photons m−2 s−1). The sucrose density gradients (Fig. 3C) showed a
sharp dark blue band (band I) within the 1 M sucrose layer, as expected
for intact phycobilisomes. This indicates the presence of assembled
phycobilisome complexes in theWT and ycf34mutant cells. However, in-
tact phycobilisomes from the ycf34::aph mutant migrated slower in the
sucrose density gradient (Fig. 3C) and a faint blue band at the boundary
between the 0.5 M and 0.75 M sucrose layers appeared. The polypeptide
composition of intact phycobilisomes is also altered in the mutant strain.
The content of the linker protein CpcC2/LR30 (sll1579) is decreased signif-
icantly in phycobilisomes of the mutant strain under low intensities ofTable 1
Phenotypical analysis of ycf34::aph mutant cells under different light conditions in compar
Low light
intensitya
WT
Doubling time [h] 76±12
Chlorophyll [μg (mg protein)−1] 23.4±0.9
Phycocyanin [μg (mg protein)−1] 216.1±16.1
Allophycocyanin [μg (mg protein)−1] 93.9±7.9
Phycocyanin to chlorophyll ratio 9.2
Phycocyanin to allophycocyanin ratio 2.3
Oxygen evolution, H2O→CO2 [μmol O2 (mg Chl)−1 h−1] 267±8
Oxygen evolution, H2O→PpBQ [μmol O2 (mg Chl)−1 h−1] 321±30
a 3.5 μmol of photons m−2 s−1.
b 50 μmol of photons m−2 s−1.light (Fig. 3D). The LR30 linker protein connects the intermediary phycocy-
anin hexamer with the distal one, whilst the CpcC1/LR33 (sll1580) linker
protein connects the core proximal phycocyanin hexamerwith the inter-
mediary one [36]. Therewas no change in the abundance of the LR30 linker
protein in phycobilisomes isolated from ycf34::aph cells grownunderme-
dium intensities of light (50 μmol photons m−2 s−1, Fig. S2) which is in
agreement with the normal phycocyanin and allophycocyanin levels
under these conditions (Fig. 3A). Thus, we concluded that ycf34::aphmu-
tant cells harbour smaller phycobilisomes under low light conditions.
To investigate whether the observed low phycocyanin level af-
fects the light harvesting efﬁciency we analysed energy transfer
from phycobilisomes to the photosystems in vivo using low temper-
ature ﬂuorescence spectroscopy. First, using chlorophyll excitation
(λex=440 nm) we conﬁrmed that the cellular level of both photo-
systems is not much different in both strains except a slightly higher
amount of PS I in the mutant (Fig. 4A). Next, we recorded ﬂuores-
cence emission spectra of both light harvesting antenna and photo-
systems upon phycobilisome excitation (λex=590 nm; Fig. 4B).
Consistently with the data described above, the ﬂuorescence emis-
sion from phycocyanin (λem=650 nm) was very low in the mutant
suggesting signiﬁcantly decreased content of phycocyanin rods,
whereas the allophycocyanin peak (λem=665 nm) decreased only
moderately. This indicates that the cellular level of the phycobilisome
core is less affected by the ycf34 inactivation and thus the total size of
phycobilisomes is reduced. Importantly, upon phycocyanin excitation
the PS II emission was weaker in the mutant in agreement with a re-
duced light harvesting capacity of this strain grown under low intensity
light. As expected, no differences between the ﬂuorescence emission
spectra of WT and mutant cells were observed under normal light con-
ditions (data not shown).
3.3. Analysis of transcript accumulation
In order to determine whether the reduced content of
phycobiliproteins in ycf34::aph cells is due to an altered transcript accu-
mulation we analysed the expression of the cpcBAC2C1D operon (here-
after cpc operon) under different light intensities. Synechocystis 6803
cells were grown under medium light (50 μmol photons m−2 s−1)
and subsequently transferred to 3.5 μmol photons m−2 s−1 for 24 and
48 h. Using a probe covering the 3′-part of cpcA and the 5′-part of
cpcC2 we detected much less of the major cpcBA transcript in the
ycf34 mutant only under low intensity light conditions whilst in the
WT a slight increase of the transcript abundance could be observed
(Fig. 5A, for details about the transcription of the cpc operon see [36]).
The accumulation of larger cotranscripts is also altered in the ycf34mu-
tant when growing under low intensity light. However, under a light in-
tensity of 50 μmol photons m−2 s−1, where mutant cells show WT
pigment levels the accumulation of these transcripts was not altered.
Thus, we can conclude, that the phycobilisome deﬁciency observed in
ycf34::aph cells ismost probably due to a reduced transcript accumulationison to the WT.
Medium light
intensityb
ycf34::aph WT ycf34::aph
157±42 27±0.5 26±0.7
22.8±3.0 27.7±2.3 26.5±3.2
94.4±14.4 202±27 180±24
73.7±8.9 72.3±12.5 67.9±11.1
4.1 7.3 6.8
1.3 2.8 2.7
198±11 405±55 396±23
370±10 481±14 476±74
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Fig. 3. Accumulation and composition of phycobilisomes in the Synechocystis 6803 WT and the ycf34::aphmutant. A, Absorption spectra of Synechocystis 6803 WT and mutant cells
grown under 50 μmol photons m−2 s−1 (medium intensity) and B, 3.5 μmol photons m−2 s−1 (low intensity) illumination. Peaks at 625 and 685 nm represent phycocyanin and
chlorophyll absorption, respectively. Spectra were normalised to the chlorophyll peak at 680 nm. C, Sucrose density gradient proﬁles of WT and ycf34::aphmutant grown under low
intensity light. Whilst intact phycobilisomes were assigned to band I, rods and allophycocyanin containing cores were assigned to band II and to band III, respectively. The additional
faint band in the sucrose gradient of the ycf34::aphmutant is marked by an asterisk. D, Polypeptide composition of puriﬁed phycobiliprotein complexes (band I) fromWT and mu-
tant cells grown under low intensity light.
2021T. Wallner et al. / Biochimica et Biophysica Acta 1817 (2012) 2016–2026of the genes encoding theα- andβ-subunits of phycocyanin aswell as the
CpcC1, CpcC2 and CpcD linker proteins. It is known that several environ-
mental factors lead to a reduced expression of phycocyanin genes like
CO2 limitation, nitrogen limitation as well as an altered redox status of
the plastoquinone (PQ) pool [5,37–39]. We therefore also tested the
transcript abundance of genes that are known to be indicators of these
stresses. The glnAmRNA, encoding the Synechocystis 6803 glutamine syn-
thetase, usually accumulates under nitrogen limitation [40,41] whereas
ndhF3 is induced under low CO2 stress and is part of the high afﬁnity
CO2 uptake system [38,42]. None of these mRNAs showed an altered ex-
pression in the ycf34::aph mutant (Fig. 5B), suggesting that the dimin-
ished phycobilisome content under low light conditions is not a
consequence of nitrogen or carbon limitation. Growth under high levels
of CO2 (5%) increased growth rates of the WT and the ycf34::aphmutant
strain, but it did not compensate the diminished phycocyanin and
allophycocyanin levels under low light conditions in the mutant
(Fig. S3). In addition, the growth defect of the ycf34::aph mutant strain
still occurred when compared to the WT (doubling time of WT and
ycf34::aph cells: 67 h and 95 h, respectively).
3.4. Localization of the Ycf34 protein
To localize the Ycf34 protein cytosolic and membrane fractions pre-
pared from ycf34−/FLAG-ycf34 cells expressing a FLAG tagged version of
Ycf34 in transwere separated by SDS-PAGE, blotted and probedwith an
antibody raised against the FLAG epitope. Immunodetection of the
FLAG-Ycf34 protein showed a major signal in the membrane fractionand only a weak signal in the fraction of the soluble proteins (Fig. 6A).
Additional washing of the membranes or treatment with 2 M NaCl did
not decrease the signal intensity in the membrane fraction, as shown
in Fig. 6B. Therefore, we conclude that the FLAG-Ycf34 protein is tightly
bound to the membrane.
To investigate the localization of Ycf34 in more detail, solubilised
membrane protein complexes of the ycf34−/FLAG-ycf34 strain were
separated by sucrose density ultracentrifugation (Fig. 6C). The three
pigment containing bands were noticed and assigned as previously
described [43]: The upper orange band (Fig. 6C, band I) contained
abundant carotenoid proteins. The light green–blue band (Fig. 6C,
band II) contained PS II and PS I monomers and also the cytochrome
b6f complex [44]. The dark green band (Fig. 6C, band III) contained
prevailingly the trimeric PSI. The gradient was divided in 14 fractions
and the presence of the FLAG-Ycf34 protein in each fraction was
analysed by Western blot using the anti-FLAG antibody. It reveals
that most of the Ycf34 co-migrated with the green–blue band con-
taining PS I and PS II monomers and cytochrome b6f complex
(Fig. 6C, fractions 5–7). On the other hand we did not identify the
FLAG-Ycf34 protein in any of the phycobilisome containing fractions
when soluble protein complexes from the ycf34−/FLAG-ycf34 strain
were separated by sucrose gradient centrifugation (data not shown).
3.5. Photosynthetic activities of the ycf34::aph cells
WTandmutant cells adapted tomedium intensity light show compa-
rable rates of oxygen evolution (Table 1). However, when grown under
AB
C
Fig. 6. Subcellular localization of the FLAG-Ycf34 protein. A, The soluble (s) and mem-
brane (m) fractions of WT, mutant and complemented mutant cells were separated by
SDS-PAGE and transferred to a nitrocellulose membrane. The amount of 40 μg of crude
extracts was used for preparation of each fraction. B, Subcellular localization of Ycf34.
Membranes have been washed two (m2) or three (m3) times in thylakoid buffer
followed by an additional wash with 2 M NaCl in thylakoid buffer (ms). Membrane
fractions (m), soluble (s) and crude extracts (ce) were separated by SDS-PAGE and
transferred to nitrocellulose membranes. The amount of 20 μg and 40 μg protein of
crude extract was used for preparation of the soluble fraction and the membrane frac-
tion which was then treated by different washing steps. C, Subcellular localization of
Ycf34. Detergent solubilised thylakoid membranes from the ycf34−/FLAG-ycf34 strain
were fractionated by sucrose density gradient ultracentrifugation. Three coloured
bands were obtained and assigned to the different membrane protein complexes:
(I) carotenoid containing band, (II) PS I/PS II monomers and (III) PSI trimers.
Solubilised thylakoids corresponding to 12 mg of protein were applied to the gradient.
Fractions of the sucrose gradient from ycf34−/FLAG-ycf34 membranes were separated
by Tris-Tricine-SDS-PAGE and investigated by Western blot analysis using an antibody
raised against the FLAG-tag. Lane 1 corresponds to the top of the gradient.
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Fig. 4. Low temperature (77 K) ﬂuorescence emission spectra of Synechocystis 6803WT
and mutant cells grown under low intensities of light. A, Spectra with chlorophyll ex-
citation (λex=435 nm). Peaks at 685/695 and 725 nm were assigned to PS II and PS
I, respectively. Spectra were normalised to rhodamine that was used as an internal
standard (see Material and methods). B, Spectra with phycobilisome excitation
(λex=590 nm). Peaks at 650, 665, 685/695 and 725 nmwere assigned to phycocyanin,
allophycocyanin, and excitation energy transfer from phycobilisomes to PS II and PS I,
respectively. Spectra were normalised to emission of PS I. a.u., arbitrary units.
2022 T. Wallner et al. / Biochimica et Biophysica Acta 1817 (2012) 2016–2026low intensity light, the oxygen evolution rate (at saturating light to ex-
clude an effect of reduced antenna size) of the ycf34::aph cells was im-
paired and showed only 74% of the WT level. To localize the site of
impairment, we next measured oxygen evolution rates in the presence
of the artiﬁcial PS II electron acceptor PpBQ. These measurements
showed again the same PS II activity in the WT and mutant strains
under medium intensity light. Under low intensity light the ycf34::aphA
B
Fig. 5. Analysis of transcript accumulation. WT and mutant cells grown under 50 μmol
photons m−2 s−1 light were transferred to 3.5 μmol of photons m−2 s−1 light and
grown further for 24 or 48 h, respectively. Total RNA was isolated before and after
the low light treatment. Blots were hybridized with probes against the 3′-part of
cpcA and the 5′-part of cpcC2 of the cpcBAC2C1D operon (A), glnA and ndhF3 (B). 16S
rRNA was used as loading control.mutant cells exhibited even slightly higher PS II activity than that of
the WT which indicates that the site of impairment is located be-
tween the PQ pool and PS I. To examine a possible effect of the
ycf34 mutation on the accumulation of the cytochrome b6f complex,
we quantiﬁed the amount of the cytochrome f subunit in the mutant
and WT under both medium and low intensity illumination (Fig. 7).
However, no difference in the accumulation of this subunit was detected.
Moreover, the separation of membrane protein complexes using clear-
native PAGE demonstrated similar amounts of the cytochrome b6fmono-
mer in the ycf34::aphmutant and theWT grown under low intensities of
light (Fig. S4).
To localize the site impaired by the absence of Ycf34 more exactly
we performed P700 oxidation–reduction kinetics. Upon a short (30 ms)Fig. 7. Immunological analysis of the accumulation of the cytochrome b6f complex. The
membrane fractions of WT and ycf34::aphmutant cells grown either under medium or
low intensities of light were separated by SDS-PAGE and transferred to a nitrocellulose
membrane. The indicated amounts of chlorophyll were loaded onto the gel. Immu-
nodetection was performed using polyclonal antibodies raised against the cytochrome
f, the major subunit of the cytochrome b6f complex. An antibody raised against the sub-
unit AtpB of F0F1-ATP synthase was used as standard.
Fig. 8. P700 oxidation–reduction kinetics and PS I light response curves. Measurements were performed with WT (black) and ycf34mutant cells (grey) grown under medium (A and
C) or low light (B and D). A and B, P700 oxidation and reduction kinetics were measured by applying a saturating light pulse. C and D, Quantum yield of photochemical energy con-
version at PS I [Y(I), ﬁlled symbols], and quantum yield of non‐photochemical energy dissipation due to donor side limitation [Y(ND), open symbols]. Y(I) and Y(ND) values were
derived from steady state (P), maximal (Pm, Pm′) and zero (Po) P700 levels at deﬁned light intensities during rapid light curves with 30 s adaptation periods at stepwise-increased
(logarithmic increment) actinic light intensities from 0 to 850 μmol photons m−2 s−1.
2023T. Wallner et al. / Biochimica et Biophysica Acta 1817 (2012) 2016–2026saturating light pulse (Fig. 8A and B) light response curveswere recorded
to determine the light dependency of the quantum yield of photochemi-
cal energy conversion [Y(I)], and two types of non‐photochemical energy
dissipation [Y(NA) and Y(ND)] at PS I in WT and mutant under different
light conditions (Fig. 8C and D; see Material and methods for details). In
agreement with other results (see above), there is no difference between
the P700 oxidation kinetics of the WT and mutant grown under medium
light (Fig. 8A). However, in ycf34::aphmutant cells growing under low in-
tensity light P700+ was re-reduced much slower (11 ms vs. 8 ms, Fig. 8B)
than in theWT indicating an impaired electron ﬂow at the PS I donor side
in the mutant. Whilst the light response curves of the WT and mutant
were almost identical when cells were grown under medium light
(Fig. 8C), the corresponding curves of the low light grown cells were con-
siderably different: In the ycf34::aph mutant cells the Y(I) starts to de-
crease at lower light intensities than in the WT (Fig. 8D). This is in good
accordance with the previous measurements. As Y(ND) increases con-
comitantly in each sample and no acceptor side limitation was observed
(data not shown, note that Y(I)+Y(NA)+Y(ND)=1) we conclude that
electron transport of the low light grown ycf34::aph mutant cells is im-
paired between the PQ pool and PS I. This conclusion was also supported
by chlorophyll ﬂuorescence induction measurements which showed a
more reduced PQ pool in the mutant (data not shown).
3.6. Spectroscopic properties of puriﬁed Ycf34 and determination of iron
and labile sulphide
To investigate its biochemical properties, Ycf34 was recombinantly
produced in E. coli. Interestingly, the puriﬁed Ycf34 protein had a brown-
ish colour and UV–vis spectroscopy displayed a shoulder at 320 nm and a
peak at 420 nm (Fig. 9A+B), suggesting the presence of a protein-boundcofactor. Upon addition of the reductant Na-dithionite, the absorbance in
the visible region signiﬁcantly decreased and a shoulder increased at
320 nm. Features of the observed spectra are most similar to that of
iron–sulphur (Fe–S) proteins [45–47]. In order to conﬁrm that the ob-
served spectral features are indicative for an Fe–S centre, stoichiometry
of protein bound ironwas determined according to [32]. First quantitative
analysis revealed 1.06±0.15 iron per Ycf34 monomer. Simultaneous de-
termination of protein-bound labile sulphide showed 0.81±0.02 sul-
phide ions per monomer, thus, the ratio of iron to sulphide in Ycf34
protein is about 1.3. Since the determined iron and sulphur stoichiometry
is lower than required for common Fe–S cluster assemblies, like [2Fe–2S]
or [4Fe–4S] the Ycf34 protein may form either a homo-oligomer for Fe–S
cluster coordination or the Fe–S cluster is only partly intact or rec-
onstituted in the recombinant protein. As we obtained indecisive
results from electron paramagnetic resonance (EPR) experiments of
the puriﬁed Ycf34 protein we performed Mössbauer spectroscopy on
the anaerobically isolated Ycf34 protein (Fig. 9C). The isomer shift of
0.44 mm/s and quadrupole splitting of 1.18 mm/s are representative of
ironwithmixed delocalized valence (+2.5) as present in a [4Fe–4S] clus-
ter consisting of 2Fe(II)2Fe(III)4S [48]. An alternative assignment to μ
oxo-bridged Fe(III)2 is less probable and can, in our case, be ruled out
on the basis of the Fe and S analysis which indicates a 1:1 ratio consis-
tent with a [4Fe–4S] cluster. Subsequently, applied-ﬁeld Mössbauer
(1 T, 4.2 K) was recorded (Fig. S6A). Since no additional splitting was
observed we conclude that the [4Fe–4S] cluster is diamagnetic, as
expected. This is consistentwith the fact that no EPR signalwas observed
for the anaerobically isolated protein. Although dithionite reduction
(1:1) leads to slight changes in the UV–vis spectrum (see Fig. 9A), no
EPR spectrum was observed as would be consistent with a [4Fe–4S]+
redox state of a “standard” cubane cluster. The more potent reductant
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Fig. 9. Spectroscopic and chemical properties of the recombinant Ycf34. A, UV–vis ab-
sorption spectra of native and dithionite reduced Ycf34. Solid and broken lines show
the spectra of native and dithionite reduced Ycf34, respectively. Ycf34 (3 μM) in
25 mM TES-KOH, pH 7.5, 100 mM KCl and 1 mM dithiothreitol was reduced with an
excess of sodium dithionite. B, Tris-Tricine-SDS-PAGE of puriﬁed ycf34 gene product.
Lane M indicates the molecular weight marker. The gel was stained with Coomassie
blue. C, Zero ﬁeld Mössbauer spectrum of anaerobically isolated Ycf34 protein at
77 K. Isomer shift=0.44 mm s−1, ΔQ=1.18 mm s−1.
2024 T. Wallner et al. / Biochimica et Biophysica Acta 1817 (2012) 2016–2026Ti(III) citrate (1:1 ratio with the protein) also could not induce any
change in the [4Fe–4S] redox state as monitored using Mössbauer spec-
troscopy (Fig. S6B). We, therefore conclude that the iron sulphur cluster
in Ycf34 is not reducible under the in-vitro conditions of our experi-
ments. Possibly, the cluster is not solvent accessible or an essential
redox partner is needed to “unlock” the metal cluster.
To further verify the presence of an Fe–S centre and the involve-
ment of the ﬁve conserved cysteine residues (C2, C4, C7, C13 and
C61) in cluster formation, single cysteine substitutions by a serine
residue were investigated. Unfortunately, all variants except C2S
were insoluble after expression in E. coli. The C2S variant however
displayed identical spectral properties as the WT protein (data not
shown). These data might not fully reﬂect the in vivo situation as
cleavage of recombinantly expressed GST-Ycf34 fusion protein leads
to a different N-terminus, where the cysteine (C2) is now preceded by
ﬁve additional amino acids. Onemight speculate that the other four cys-
teine residues are important for Fe–S cluster formation because their
disruption led to insoluble protein likely due to lost structural integrity.
Based on our datawe propose that the Synechocystis 6803 Ycf34 protein
is an Fe–S protein containing a [4Fe–4 S] cubane cluster.4. Discussion
The hypothetical chloroplast open reading frame ycf34 was found
to be conserved in the plastid genomes of phycobilisome containing
red algae and in almost all genomes of cyanobacteria. Interestingly,
ycf34 is also present in Prochlorococcus species, marine cyanobacteriawith a signiﬁcantly reduced genome (and cellular) size, and in brown
algae. This conservation across relatively large phylogenetic distances
implies an important role of the Ycf34 protein, although, in contrast
to many genes of cyanobacterial origin, ycf34 is not conserved in
plants and green algae.
To study the function of ycf34 in detail, we inactivated the gene in
the model cyanobacterium Synechocystis 6803. 454 pyrosequencing-
based transcriptome analysis [35] which can differentiate between
primary transcripts and processed transcripts and our experimental
veriﬁcation of the 5′ transcriptional start site clearly show that ycf34
is transcribed monocistronically. In addition, the 454 pyrosequencing
data evidently show that the adjacent ndhF1 (NADH dehydrogenase
subunit 5) gene is independently expressed from its own promoter.
Moreover the ndhF1 gene can be found in direct neighbourhood to
ycf34 only in Synechocystis 6803. To further exclude pleiotropic effects
of the insertion of the antibiotic resistance cassette into this locus and to
be able to identify the Ycf34 protein by immunoblot analysis we com-
plemented the mutant by expressing an inducible FLAG-tagged version
of the Ycf34 protein− integrated at a different site in the Synechocystis
6803 genome− under control of the petJ promoter. TheWT phenotype
was restored in the complemented strain under copper limitationwhen
ycf34was expressed. Thus, we conclude that the phenotypewe demon-
strate here is solely related to the introduced mutation. Most strikingly,
the ycf34::aph mutant strain contained less phycobiliproteins when
mutant cells were grown with low intensities of light (Fig. 3B). This is
in contrast to the similar amount of both photosystemswhen compared
to Synechocystis 6803WT (Fig. 4A). The observedphenotype strongly de-
pends on the low light intensity during cultivation. Moreover, no differ-
ences were observed under medium intensities of light and high
levels of CO2 (doubling time of WT and ycf34::aph cells: 9.7 h and
9.6 h, respectively). In accordance with the recorded absorption
spectra, ﬂuorescence spectra show a lower emission originating
from phycobilisomes. Sucrose density gradient centrifugation showed
that although complete phycobilisomes are assembled in the ycf34::aph
mutant strain under low intensities of light (Fig. 3C), the isolated
phycobilisome complexes migrated slower in the sucrose gradient.
Interestingly, the analyses of the subunit composition of puriﬁed
phycobiliprotein complexes showed a speciﬁc reduction of the
CpcC2/LR30 linker polypeptide in ycf34::aph cells (Fig. 3D) whereas
the pattern of other subunits follows the literature data [49,50].
Whilst it was reported that the phycobilisome linker proteins CpcC2/LR30
and CpcC1/LR33 are interchangeable in Synechococcus sp. PCC 7924 [51], a
previous study on the Synechocystis 6803 phycobilisome came to the con-
clusion that there is no interchangeability of these linker proteins in this
cyanobacterium [36]. The reduced abundance of the CpcC2/LR30 linker pro-
tein therefore indicates shorter rods composed of only the core proximal
and the intermediary phycocyanin hexamer. It is worth tomention that a
Synechocystis 6803 mutant lacking the CpcD/LR10 rod linker protein
showed no phenotype [36]. As we detected a retarded assembly of
newly synthesized phycobilisomes after photobleaching (data not
shown), we ﬁrst supposed a possible chaperone function of Ycf34 in
this process. In this case, we should have detected an interaction be-
tween the putative chaperone and phycobilisome subunits. However,
Ycf34 was never detected in isolated phycobilisome fractions using
the FLAG-Ycf34 expressing mutant strain. Likewise, phycobiliproteins
were not co-puriﬁed with the FLAG-tagged Ycf34 either (data not
shown). Butwe detected a lower transcript accumulation of the cpc oper-
on. Thus, we conclude that the smaller phycobilisomes are a consequence
of the shortage in the synthesis of speciﬁc phycobilisome subunits rather
than to an interaction of Ycf34with the phycobilisomes. Due to the occur-
rence of the ycf34 gene also in organisms lacking phycobilisomes, it is un-
likely that it functions primarily in the regulation of the transcription of
the cpc operon.
Regarding its localization, most of the Ycf34 protein was detected
in the membrane fraction due to either the predicted N-terminal
alpha helix, an interaction with a membrane protein or the recently
2025T. Wallner et al. / Biochimica et Biophysica Acta 1817 (2012) 2016–2026discovered effect of divalent ions that mediate membrane binding of
Synechocystis 6803 proteins [52].
Notably, similar phenotypic effects of the ycf34mutation, namely a
reduced phycocyanin-to-allophycocyanin ratio were also observed in
a ΔpetC1 Rieske mutant of Synechocystis 6803 [53]. This mutant had
low oxygen evolving activity due to lower PS II and cytochrome b6f con-
tents [54]. For comparison, we examined the photosynthetic activities
of theWT and ycf34::aphmutant cells grown under the two light condi-
tions measuring oxygen yield and P700 oxidation–reduction kinetics.
These measurements show an impaired electron transport between
the PQ pool and PS I in the low light grown ycf34::aph mutant cells,
suggesting a contribution of altered cytochrome b6f function to themu-
tant phenotype. Impaired electron transport through the cyanobacterial
cytochrome b6f complex was also reported when either its bona ﬁde
non-essential small subunits PetL or PetM [7,55] or the loosely bound
PetP subunit [56] were knocked out. Therefore, some direct or indirect
interaction between Ycf34 and cytochrome b6f complex is also likely.
As we were not able to identify the dimeric cytochrome b6f complex
in the CN-PAGE analysis in both strains (Fig. S4) we cannot draw con-
clusions about the functionality of this complex. It is possible that the
ycf34 gene product is required for the complete assembly of the com-
plex that should include the Rieske protein.
Overall, this conclusion does not explain why mutant cells suffer
only when grown under low intensities of light. As the cytochrome
b6f complex functions in both respiratory and photosynthetic electron
transport the Ycf34−cytochrome b6f interactionmight be particularly
important under light limiting conditions. Cyanobacteria normally in-
crease their antennae size under low light conditions to increase the
absorbing capacity of the cell and thus compensate the lack of pho-
tons [5]. It is intriguing that the ycf34::aph mutant behaves opposite
accumulating less phycocyanin than under medium light conditions.
Consequently, much less photons are absorbed. This is reﬂected by
the extremely slow growth of the mutant under the low light intensi-
ties used in this study. Similar reduction of growth under strong light
limitation has been shown for mutants defective in state transitions
[57]. The question arises why the cells lower the transcription of the
cpc operon under conditions where they would need to enlarge
their antenna size and how this phenomenon is related to the dimin-
ished electron transport capacity. Data on regulation of transcription
imply that, amongst others, especially the cpc genes are strongly reg-
ulated by the PQ redox level and occupancy of the Qo quinol site of the
cytochrome b6f complex [37]. How such kind of regulatory signal
transduction occurs is still unclear. It was recently shown that the
transcriptional regulator PedR (ssl0564, LuxR type) of Synechocystis
6803 facilitates the transcription of genes in a redox dependent man-
ner under low intensities of light [58,59]. Reduction of the PedR dimer
is mediated by thioredoxins and leads to inactivation of the protein
under high light intensities when the amount of reducing equivalents
increases. Impaired electron transfer through the cytochrome b6f com-
plex results in a more reduced PQ pool [53,54,56]. Noteworthy, there is
a negative correlation between the light intensity and PQ reduction
level (i.e. the lower the light intensity the higher the PQ reduction
[60]); we can assume a similar relationship even with a partially active
cytochrome b6f complex where at a certain light level the PQ pool
should be more reduced than in the WT. Thus, although the mutant
has possibly an impaired electron transfer through the cytochrome b6f
complex, under medium light PS I can still sufﬁciently oxidize the PQ
pool, therefore there should be no difference in the related redox-
controlled gene expression. In contrast, under light limiting conditions
the oxidizing power of PS I might be too weak to oxidize PQH2 when
the electron transfer through the cytochrome b6f complex is partially
impaired (i.e. in themutant). Similar to theΔpetC1 strain under normal
light condition [54] this would lead to a reduced PQ pool and probably
to the activation of a regulatory signal cascade in the ycf34 mutant
under low light conditions. The result is a reduced antenna size, which
paradoxically further exacerbates energetic balance in the mutant cell.The discovery that Ycf34 contains a [4Fe–4S] cluster also points to-
wards a possible electron transfer or redox sensing function of Ycf34.
To our knowledge Ycf34 has no homologies to any known Fe–S cluster
containing protein leaving its function only speculative. Fe–S clusters
might participate not only in electron transfer but also in substrate
binding/activation and enzyme activity. Further research is needed to
elucidate the exact function of Ycf34 and its possible involvement in
electron transfer through the cytochrome b6f complex under low light
conditions. This may need additional interaction partners not least be-
cause Mössbauer spectra indicate the requirement of a redox partner
for Ycf34.
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